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Summary 
Structural failure consequences can take many different forms: from material/structural damage and 
human injuries/fatalities, to functional downtime and environmental impact, as well as loss of 
reputation and collateral damage that may be orders of magnitude higher than the reconstruction 
cost. Within a risk-based robustness framework, consequence modelling is an important step in 
estimating risk, and needs to be undertaken with clarity and transparency. This paper highlights the 
principles to be adopted in estimating consequences arising from potential building and bridge 
failures. The two structural forms are chosen so as to elucidate factors relevant to cases where 
failure is confined to a single facility, or where it is likely to affect a spatial network. Past 
experience, as well as methods that are increasingly used in emergency response planning, are 
reviewed. A categorisation of failure consequences is presented, together with associated models for 
quantifying their magnitude. 
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1. Introduction 
Consideration of failure consequences is essential in structural design and assessment, as well as in 
the evaluation of robustness of structural systems. In EN 1990 [1], consequence classes are 
established for the purpose of reliability differentiation and the specification of recommended 
minimum values for the reliability index. In EN 1991-1-7 [2], consequence classes are used to 
differentiate structures with respect to how accidental design situations should be considered, as 
well as in relation to recommended strategies for the provision of robustness. Table 1 highlights the 
consequence classes adopted in the Eurocodes; as can be seen, consequences are assumed to be 
dependent on the building type and function. For the purpose of robustness evaluation, these classes 
are further elaborated with respect to the size of the building (no. of storeys, floor area), function 
and occupancy.  
  
Table 1: Consequences classes in Eurocodes, EN 1990 [1] 
Class Description Examples 
CC1 Low consequence for loss of human life, and 
economic, social or environmental 
consequences are small or negligible 
Agricultural buildings where people not 
normally enter (e.g. storage buildings), 
greenhouses 
CC2 Medium consequence for loss of human life, 
economic, social or environmental 
consequences are considerable 
Residential and office buildings, public 
buildings where failure consequences 
are medium (e.g. office building) 
CC3 High consequence for loss of human life, or 
economic, social or environmental 
consequences are very great 
Grandstands, public buildings where the 
consequences of failure are high (e.g. 
concert hall) 
 Insofar as Class 3 buildings are concerned, the recommended strategy leading to an acceptable level 
of robustness involves the undertaking of a systematic risk assessment taking into account both 
foreseeable and unforeseeable events. The risk assessment can be either qualitative or quantitative 
but in either case, the acceptable risk ought to be considered through an explicit consideration of the 
likelihood of undesirable events and associated consequences, typically in the form of a risk matrix 
[2]. The purpose of the present paper is to present a categorisation of failure consequences for both 
building and bridge structures, and to highlight the range of available models that can be used to 
quantify their magnitude. 
2. A risk-based robustness framework 
Within a risk-based framework for the evaluation of robustness, as described by Baker et al. [3] and 
JCSS [4], the risk RE associated with a particular event E may be assessed through the following 
product 
(1) 
 
where pE is the likelihood of the (adverse) event and CE are the consequences arising from the 
occurrence of the event. As formalised in EN 1991-1-7 [2], a scenario approach with respect to 
potential hazards, direct damages and follow-up failures can be adopted, thereby expressing the risk 
related to a particular structure through the following equation 
 
 
where it is assumed that the structure is subjected to NH different hazards, that the hazards may 
damage the structure in ND different ways (can be dependent on the considered hazards) and that the 
performance of the damaged structure can be discretised into NS adverse states Sk with 
corresponding consequences C(Sk). Moreover, P(Hi) is the probability of occurrence (within a 
reference time interval) of the ith hazard, P(Dj|Hi) is the conditional probability of the jth damage 
state given the ith hazard, and P(Sk|Dj) is the conditional probability of the kth adverse overall 
structural performance state given the ith damage state. 
Consequences can take various forms (and, hence, be measured in different units), leading to a 
vector representation, i.e. C = [C1, C2, …Cm]. As a result, the above equations would also be 
expressed in vector form with R = [R1, R2, …Rm] being a column vector. In the special case, where 
all consequences are simplistically measured through a single quantity, e.g. in monetary units, then 
a summation of risks can be 
undertaken, leading to a total 
risk, i.e. 
 
  (3) 
 
The risk assessment of a given 
system is facilitated by 
considering the generic 
representation illustrated in 
Figure 1. Different exposure 
events, typically arising from 
external loads and 
environmental aggressors, act 
on the parts of the system and 
lead to constituent failure events 
and direct consequences; these 
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Fig. 1: Generic System representation in risk assessment [4] 
(2) 
are defined as all possible immediate consequences (i.e. not considering loss of system functionality) 
associated with damages or failures of the constituents of the system. On the other hand, indirect or 
follow-up consequences may occur as a result of the combination of constituent failures (e.g. by 
progressive failure/collapse potentially leading to total loss of system functionality). In the 
evaluation of robustness, both direct and indirect consequences play a major role, and their 
modelling and evaluation should be given appropriate attention. 
In such an approach, the definition of the system can vary depending on the decisions being made 
and the stakeholders being involved. Moreover, direct and indirect consequences will be dependent 
on such a system definition. For example, a major bridge could be considered as the system, with its 
constituent pars being the main structural elements. Alternatively, the bridge could be considered ‘in 
context’, i.e. as part of the route that it is on or as part of the wider road network that the route 
serves. Depending on the system definition, the modelling (and magnitude) of consequences will 
have different scope and may require different resolution techniques. 
Bearing in mind the above diagram, Baker et al. [3] proposed a robustness index, IRob, which 
measures the fraction of the total system risk resulting from direct consequences, i.e. 
 
   (4) 
 
Clearly, the index takes values between zero and one depending on the relative distribution between 
direct and indirect consequences. A completely robust system, with no indirect consequences as a 
result of a constituent failure, leads to IRob=1, whereas, at the other extreme, if all the risk is due to 
indirect consequences IRob=0. As noted in [3], this index measures only the relative risk due to 
indirect consequences. The acceptability of the direct risk, corresponding to constituent failure 
events, should be assessed through other criteria, prior to robustness being quantified. 
3. Factors affecting the consequences of failure 
The consequences of failure vary significantly from structure to structure, and may depend on a 
range of factors; related to the hazard, the structure and its function, and the surrounding 
environment. 
The nature of the hazard will considerably affect the consequences considered. It is evident that 
the greater the magnitude and duration of a hazard, the greater the consequences will be. But the 
type of hazard also plays a role insofar as it may pose additional risks to humans (or animals) 
through exposure, inhalation or ingestion. For example, a fire will have an adverse influence on 
mechanical properties, directly affecting the ability of a structure to withstand loads, but may also 
generate fumes and toxic pollutants which can be dispersed in the atmosphere. Moreover, it is also 
possible for a hazard to create a chain effect, for example an explosion may be followed or 
preceded by a fire, an impact may be followed by a fire, etc. 
The properties of the structure will influence both the vulnerability and robustness of the building 
or bridge. The consequences will be sensitive to factors such as the materials used, building type, 
age, size, height, layout (including ease of evacuation), type of construction and quality of 
construction. The consequences of failure are also dependant on the use or occupancy of a building. 
As well as governing the number of people exposed to the hazard, and therefore the possible 
number of injuries or fatalities, this will influence the building contents and the quality of building 
services and finishes (e.g. ventilation, plumbing and electrical systems) present.  
Buildings in rural areas, or close to a water source, may result in greater environmental 
consequences as pollutants may be more easily transported in open air/water. On the other hand, the 
number of people exposed to pollutants in urban areas is likely to be higher, potentially increasing 
consequences on human health. Also, the availability of emergency services and accessibility to 
treatment for injuries will most likely be best in urban areas, though access to the failure site itself 
may be more difficult than in open spaces. Overall, the proportion of fatalities may be lower in 
urban locations but with an increased number of injuries (due to the expected increased survival 
rate). Finally, when studying the cost of repair or reconstruction, remote locations may have higher 
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costs due to increased labour and materials costs. In other words, the location of a structure will 
have significant bearing on the consequences arising from any given failure event. 
In the case of bridges, location is a major factor with regard to failure consequences. The type of 
road or rail route served by the bridge influences the traffic intensity and, hence, the number of 
people exposed to any given hazard, as well as the traffic delay costs. As in the case of buildings, 
the availability of emergency services and accessibility to treatment for injuries will most likely be 
best in urban areas, but, on the other hand, access in rural areas is likely to be easier and inter-
dependency issues might be less critical. In other words, the location of a structure will have 
significant bearing on the consequences arising from any given failure event. 
Depending on the time of day, different building types may experience different occupancy levels. 
Places of work and education will experience high levels of occupancy during working hours. But 
at night these buildings may be almost empty. In contrast, residential buildings will reach peak 
occupancy at night, when the occupants are sleeping. Therefore, the potential for mass casualties is 
dependent on both the time of day the exposure occurs and the occupancy pattern for the structure. 
For bridges, this factor is equally important, since these structures experience high levels of usage 
during peak times. Thus, not only the potential for mass casualties is greater but also the likelihood 
of certain hazards that may lead to failure can also be increased due to higher exposure density. 
Further temporal variations may occur daily, weekly, monthly, seasonally etc. and it is important to 
think of correlations between such variations and resulting consequences. 
The time frame considered (days/weeks/years) in the consequence analysis will affect 
significantly its outcome. For example, in order to capture the influence of long-term effects of a 
bridge failure, consideration should be given to the full period until reconstruction is completed; 
even beyond that period there are likely to be residual influences that may take many more years 
before they are completely eradicated. In fact, the bridge failure and its resulting impact on the 
transportation network may be such that a new long-term equilibrium is reached, markedly different 
from what existed prior to the original failure. 
Finally, the meteorological conditions, both during and after the failure event, may have some 
impact on the consequences. In particular air conditions (including wind direction, wind speed, 
terrain etc.) will influence the level of dispersion of any toxic pollutants, leading to an increase or 
decrease in the environmental consequences accordingly. 
4. Categorisation of consequences 
The ‘cost of failure’ of major structures is widely recognised as being multi-faceted and highly 
variable. A systematic procedure is required to describe, and where possible quantify, consequences, 
bearing in mind the factors highlighted in the preceding section. This should start with a 
representation of the considered system and its boundaries. In general, consequences resulting from 
building or bridge failures may be divided into four main categories: human, economic, 
environmental and social. Each of these can be further sub-divided into a number of more specific 
areas, so that itemisation and appropriate modelling, where possible, may be undertaken. 
Table 2 presents such a list, certainly not exhaustive, for the purposes of undertaking risk 
assessment of major structural systems. Following on from the definition of the robustness index, 
eqn. (4), an attempt to indicate how consequences might be distinguished into direct and indirect is 
also made. Clearly, the system boundaries play a role in this, as does the structure’s function and 
considered importance. For example, traffic delay and management costs could also feature under 
direct consequences, as a result of repairs on damaged parts of a bridge structure. 
It is evident from the above that the level and sophistication of the various analysis types increases 
considerably as the range and extent of considered consequences widens. Advanced structural 
analysis, considering a multitude of non-linear material and geometric effects, is required if a 
particular failure scenario needs to be taken beyond initial damage and member failure. Dispersion 
and CFD analysis may be required for the assessment of pollutant releases and their effects. Life 
Cycle Assessment methods form the basis for the estimation of CO2 emissions and energy 
consumption associated with reconstruction and relocation/rerouting costs, and transport network 
and econometric analyses would provide estimates for business loss and regional economic effects. 
 
Table 2: Categorisation of Consequences 
Type Direct Indirect 
Human Injuries 
Fatalities 
Injuries 
Fatalities 
Psychological damage 
Economic Repair of initial damage 
Replacement/repair of contents 
Rescue costs 
Clean up costs 
Replacement/repair of structure/contents 
Rescue costs 
Clean up costs 
Collateral damage to surroundings 
Loss of functionality/production/business 
Temporary relocation 
Traffic delay/management costs 
Regional economic effects 
Investigations/compensations 
Infrastructure inter-dependency costs  
Environmental CO2 Emissions 
Energy use 
Pollutant releases 
CO2 emissions 
Energy use 
Pollutant releases 
Environmental clean-up/reversibility 
Social  Loss of reputation 
Erosion of public confidence 
Undue changes in professional practice 
 
Such elaborate (and demanding) analyses may be justified for those cases where the consequences 
of failure are likely to be very significant; in this respect the framework for consequence analysis 
presented herein is deemed relevant to Class 3 structures. However, given the scarcity of available 
data and benchmarks, it is believed that undertaking some appropriately chosen case studies could 
prove invaluable in promoting an appreciation of consequences to those involved in structural 
design and assessment. For example, Faber et al. [5] undertook systematic consequence mapping 
and evaluation in relation to the Twin Towers collapse, quantifying the contribution of indirect or 
‘follow-up’ consequences in such monumental failure events, as well as the high variability which 
results from assumptions even in a post-event analysis. More recently, the I35-W bridge collapse 
has led to road-user and economic impact studies [6, 7], which have demonstrated that the cost of 
detours and regional losses were at least as high as the total cost of reconstruction; the results were 
used in accelerating the pace for the design and construction of the replacement bridge, thus 
mitigating against long-term (possibly irreversible) economic damage in the affected region. 
5. Quantification of consequences 
Consequences can be measured in terms of damaged, destroyed, expended or lost assets and utilities 
such as raw materials, goods, services and lives. They may also include intangibles, either from a 
practical or a theoretical standpoint, especially in the case of social consequences and long-term 
environmental influences. In general, they are represented through a vector C = [C1, C2, … Cm], 
whose elements should be in appropriate units for the type of consequence considered. Where 
possible, consequences should be expressed in monetary units, though this is not easy to achieve, 
and may not be desirable or, indeed, universally acceptable. In the context of a risk assessment, the 
consequence vector should be seen as a random vector, so that the variability associated with, often 
complex, estimates can also be captured. Depending on the decision problem considered, it may be 
reasonable to consider only the mean value vector, though in this case an effort should be made to 
remain consistent in the modelling that is applied for different forms of consequences. In any case, 
it is prudent to consider and capture important statistical dependencies or correlations between the 
elements of this vector (for example in considering models for rescue/clean up operations, pollutant 
release and environmental repair/reversibility). 
Sources for the quantification of consequences from structural failures can be found in natural 
hazard loss estimation manuals (e.g. [8]) and benchmark studies (e.g. [9]), reports analysing past 
failures (e.g. [5, 6]), industry and regulatory authorities guidelines (e.g. [10], [11]), insurance 
reviews (e.g. [12]) and the general literature. An attempt to highlight different consequence models 
and focus on their relevance in relation to building and bridge failures in the context of robustness 
evaluation is made in [13, 14]. A summary is presented in the following.   
Fatality models for building collapses after earthquakes have been developed and calibrated using 
field data from various events. They provide a starting point for fatality modelling in robustness 
evaluation, though the particular aspects of the hazard under consideration, and the ensuing 
structural response, would need to be contrasted to those of an earthquake. In one such model [15], 
the number of fatalities in a particular building, KS, is estimated by 
(5) 
 
where Km is the average number of people in the building, M2 is a factor between zero and one 
related to the building occupancy cycle, M3 accounts for the fraction of people that would be 
trapped in a collapse following an earthquake, and M4 and M5 are factors related to immediate and 
post-collapse mortality rates in earthquake events. In developing this model, attempts have been 
made to model the number and severity of injuries in relation to the extent of damage in a partially 
collapsed building, as well as the psychological damage experienced by occupants/victims [13]. 
Other models, which follow an event tree philosophy and the associated conditional probabilities 
have also been developed for regional loss estimation [8]. The same methodology [8] provides an 
empirical expression for the number of fatalities in a bridge collapse, related to the commuter 
population, NC, and a ‘usage’ factor, F, which depends on the assumed time of the accident (similar 
to the building occupancy cycle), namely 
 
 
with suggested values for F being 0.02 during peak times and 0.01 otherwise. 
A contentious issue in casualty modelling is the determination of an economic value for a human 
life, for which a range of methods can be found, including (i) willingness-to-pay and willingness-to-
accept approach (ii) insured value statistics (iii) cost per (statistical) life saved approach (iv) 
dependents’ lost earnings estimates and (vi) societal life saving cost estimates. As might be 
expected, there is considerable variation in the values that have been determined, reflecting 
different circumstances, varying social and economic contexts, as well as differences in the adopted 
methodology and the decision under consideration. Notwithstanding such differences in scope and 
context, it is worth noting that many estimates are within the €1 to €2 million range. 
Economic consequence models are, on the whole, available for a wide variety of building and 
bridge structures, especially with respect to repair/reconstruction costs, typically linked to a damage 
severity index. An important distinction between structural and non-structural costs is often made, 
though data for the latter are more difficult to collect and categorise. However, in applying 
consequence analysis models for robustness purposes, it should be more straightforward to make 
such estimates for the case of a particular building. A similar argument applies to rescue and clean-
up costs, for which published data are particularly sparse. 
As might be expected, models related to functional downtime/loss are more widely developed for 
the case of bridge failures, on account of their role in transport networks. Typical values which may 
be used in estimating traffic delay costs for both highway and railway networks are summarised in 
Table 3; further data on traffic management costs can be found in [14]. These can be used, together 
with site specific information regarding traffic and/or rail service levels, to produce estimates of 
economic losses as a result of bridge restrictions/unavailability. However, wider and long-term 
losses require the availability of econometric models, which analyse how detours and delays might 
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affect supply and demand for goods and services in a region. Studies that have been undertaken for 
few exceptional cases (e.g. [5]) demonstrate the high degree of variability that characterise such 
estimates. Recent events from the UK (failure of bridges due to flooding in Cumbria in 2009) and 
elsewhere, have also brought attention to crucial inter-dependencies that exist between critical 
infrastructures: for example, loss of a bridge may result not only in transport being disrupted but 
also in other utilities (electricity, water) being adversely affected. Such losses are perhaps more 
difficult to quantify but should be borne in mind in evaluating the robustness of structures whose 
function provides a critical link within a multi-layered utility network. 
 
Table 3: Average European value-of-time estimates, 1998 prices [10] 
Mode Passenger Transport Freight Transport 
Car 
Business: €21.00/person-hour 
Commuting/Private: €6.00/person-hour 
Leisure/Holiday: €4.00/person-hour 
Light Goods Vehicle: €40.0/vehicle-hour 
Heavy Goods Vehicle: €43.0/vehicle-hour 
Interurban 
Rail 
Business: €21.00/person-hour 
Commuting/Private: €6.40/person-hour 
Leisure/Holiday: €3.20/person-hour 
Full train (950 tonnes): €725.0/tonne-hour 
Wagon (40 tonnes): €30.0/tonne-hour 
Average per tonne: €0.76/tonne-hour 
 
Environmental consequences range from CO2 emissions associated with clean-up, reconstruction 
and traffic delays to the release of toxic or other pollutants that might affect water or air quality and 
human health. In terms of the former, life cycle assessment analyses can be used to estimate typical 
CO2 content per tonne of construction material used in repair/reconstruction, with typical values 
given in [13, 14]. Similarly, emissions from traffic detours and delays can be estimated as a by-
product of the economic analysis of such costs. If deemed appropriate, these quantities can be 
expressed though monetary units, though, at present, there is a very wide range of values quoted for 
the economic cost of CO2 emissions [14]. Environmental consequences may also be considered 
within a multi-criteria decision analysis, in conjunction with human economic and social 
consequences, as suggested in the consequence class specification adopted in the Eurocodes.  
6. Concluding Remarks 
A categorisation of failure consequences and associated models for their quantification, applicable 
to building and bridge structures, has been presented. The presented framework may be used in 
undertaking risk assessments of Class 3 structures for the purposes of robustness evaluation. A 
thorough understanding and justification of the appropriate system boundaries, in relation to spatial 
and temporal domains, is fundamental in quantifying consequences and in enabling a rational 
distinction between direct and indirect components. 
Given the scarcity of information on structural failure consequences, investigating in detail selected 
past events should prove both instructive and valuable. Part of the challenge is to undertake such 
studies using a common framework so that meaningful comparisons can be undertaken. It is hoped 
that this paper contributes towards this objective. Much work remains to be done in sifting through 
relevant sources and data, establishing commonly acceptable models and values for the various 
forms of consequences under consideration, and understanding the associated uncertainties and 
variabilities. In turn, this will help in developing necessary guidance for risk assessments of major 
(Class 3) structures, and will inform the debate on acceptable risk criteria.  
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